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Chapter I. Introduction
The feasibility of using a photographic technique to study solid- 
liquid two-phase flow near a pipe wall is investigated in this thesis. 
The study was a continuation of the thesis work by James B. Young 
(1989). His flow loop was used with several small alterations.
In Young's experiment 100 micron glass particles were injected into 
turbulent water flowing through a vertical 2-inch plexiglass pipe. The 
particles approached a camera located under a viewport at the bottom 
of the test section. The camera shutter was set to open intermittently 
for one second. While the shutter was open, five different-colored 
flash units went off. The particle was thus captured on film as a five 
image trajectory whose direction could be determined by the color 
sequence. By knowing the time between flashes and the position of the 
particles, radial and tangential velocities were obtained.
The time constant of the particles was such that they closely 
followed the turbulent eddies everywhere except near the pipe wall 
where fluid velocities became smaller. The results compared quite well 
with data for single phase turbulent flow in the region where the 
particles were following the fluid velocity field. Young's technique was 
limited by several factors which detrimentally affected accuracy in the 
wall's proximity (y+< SO). The degree of this inaccuracy could only be 
guessed since particles do not follow the fluid motion closely here.
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2This thesis describes a new technique that was specifically designed 
to determine accurate particle velocities near the wall.
Chapter II. Past Limitations
To prevent particle images from overlapping, Young had to allow 
sufficient time in between flashes for the particle to move to a 
different radial and tangential position. Also, since axial particle 
velocity is much faster than radial and tangential velocities, picture 
taking could not be limited to a single plane. Young chose a 5cm axial 
region. Unfortunately, when taking pictures over a region, the pipe 
wall does not show up as a thin, circular image. Instead, it appears as a 
thick ring because magnification decreases with distance. The 
formation of this ring image can be seen on figure 1. The ring is not
shaded in some of the larger diagrams of the pipe wall. Notice that the 
top of the axial region corresponds to the inner circumference of the 
ring, and the bottom of the axial region corresponds to the outer 
circumference of the ring.
Therefore, in order to know the distance of a particle from the wall, 
the axial position of the particle would need to be known. This is 
illustrated by figure 2 which shows how a particle traveling straight 
down the pipe would appear on film. Without perspective, the particle 
images would overlap. However, in actuality the particle appears to 
move toward the pipe wall. The effect is greater the closer the particle 
is to the wall and nonexistent if the particle were at the center of the 
pipe. Young had to estimate axial particle positions which added an
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6intrinsic error to his technique.
A second problem to Young’s technique was that sharp scratch 
images were never obtained. The wall image shown in the box on the 
right side of figure 1 is simply how the pipe wall would ideally show 
up on film. In fact, the wall image was sometimes barely discernible. 
Poor wall images led to error in determining the center of the pipe.
To determine the pipe center, two coordinates were obtained on 
opposite ends of the inner wall image such as points A and B shown on 
figure 3. The values of these points were averaged to find the center of 
the circle. Unclear wall images led to error in determining this center, 
and, therefore, also led to error in determining radial and tangential 
coordinates for the particle images.
A third problem Young encountered was that, despite careful 
efforts, the camera could not be properly aligned down the center of 
the pipe. When the camera is slightly skewed from center, the
thickness of the ring image appears to vary around the pipe. This 
effect is illustrated in figure 4. Notice that the center corresponding to 
the outer edge of the ring is different than the center corresponding to 
the inner edge of the ring. Since the inner and outer edges of the ring 
image are formed by different axial regions of the pipe, the center 
must change with axial position. The center is said to float. Since axial 
position must be guessed, the location of the floating center is an 
estimation. This adds further error when determining radial and 
tangential coordinates.
Since the velocity profile is nearly flat over the majority of the
7The center of the pipe is found by using two points on 
the inner wall image.
Figure 3
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8
bottom scratch
When the camera is improperly aligned underneath the 
viewport, the thickness of the pipe wall image varies.
Figure 4
9pipe's cross section, small errors in determining radial and tangential 
coordinates did not detrimentally affect Young's data in this region. 
However, when the velocity profile becomes very steep in the buffer 
region, closer estimates for particle position are essential. Therefore, 
the error caused by the three problems mentioned above became
significant in the buffer region (y+<26).
However, the major limitation to Young's technique was the small 
amount of data he obtained near the pipe wall. In his technique, the 
light sheets from the flash units did not overlap. Therefore, in order to 
obtain five image particle trajectories over the bulk of the pipe's cross 
section, the delay between flashes was set so that a particle traveling at 
the bulk velocity would be hit by the center of each light sheet.
However, this prevented five image particle trajectories from occurring 
in the wall's proximity. Shortening the time in between flashes did not 
solve the problem due to the high velocity gradient near the pipe wall.
Young accepted trajectories with as few as three particle images. 
When data was obtainable near the pipe wall, it was almost exclusively 
from three image particle trajectories. This data was biased toward 
those particles with a high enough velocity to travel within the range of
at least three flash units. This bias becomes worse as the wall is
approached because the mean square deviation from the average axial 
velocity increases. However, an in depth analysis of turbulent eddy 
motion near the pipe wa'i is beyond the scope of this thesis. The 
sample size Young obtained was severely limited from y+=50 to the 
pipe wall.
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Young also experienced difficulty when choosing the colors to be 
used on the flash units. For example, when purple was used, the 
particle image appeared half red and half blue. This split occurred 
because color film is composed of several layers. The top layer is blue, 
and the bottom layer is red. Each layer is exposed when it is hit by the 
appropriate wavelength. When light containing blue and red 
wavelengths comes in on an angle, the top and bottom layers of the 
film are exposed at slightly different radial and tangential positions. 
Thus a color split occurs. The exact particle position was difficult to 
determine as a result. Colors such as purple were hard to avoid since 
the colors had to be different enough to determine the direction the 
particle was traveling.
Chapter III. Proposed Technique
The proposed new technique suggests a method to obtain more 
accurate radial and tangential velocities closer than y+=50 to the pipe 
wall. The technique could be used to obtain data in the buffer zone but 
not in the viscous sublayer because the width of this layer is less than 
two particle diameters under the conditions necessary for the 
experiment (see chapter V). The new technique would improve the 
data by obtaining avial particle positions, sharper wall images, and 
more useable particle trajectories near the pipe wall. Axial particle 
positions would also allow axial velocities to be calculated which were 
not obtained before.
In the proposal, two scratches would be etched around the internal 
circumference of the pipe and one inch apart. More light is scattered 
toward the camera by the scratch than the smooth pipe wall. As a 
result, the scratch is easier to see on a picture than the rest of the axial 
region. Figure 5 shows how the scratches appear as two concentric 
circles on film.
The method by which the scratches are used to calculate axial 
particle position can be understood by examining figure 6. The figure 
shows the inner and outer scratch images on a blown up section of the 
pipe wall. The solid circles represent a particle trajectory traveling 
from left to right. Since the particle is close to the wall, it has a mirror
11
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image with the pipe wall acting as the mirror plane. Mirror images for 
particles further away from the pipe wall are blurred. Since the 
particle is traveling down the pipe, the actual position of wall 
approaches the image of the bottom scratch. Notice that the particle 
image trajectory and the particle mirror image trajectory do not follow 
the same path.
The relationship between the wall position in between the scratches 
and the axial particle position is essentially linear. This is shown by 
the argument presented in section 1 of the appendix. Therefore, the 
use of linear interpolation to find axial particle position is justified. By 
knowing this, the following equation can be derived:
where Zp is the axial position of the particle, Zt is the axial position of 
the top scratch, Zb is the axial position of the bottom scratch, x is the 
difference in magnification at the axial position of the top scratch and 
the axial position of the particle, and y is the difference in 
magnification at the axial position of the bottom scratch and the axial 
position of the top scratch.
A computer program is included in section 5 of the appendix which 
was written to calculate axial particle position. A brief outline 
describing the steps in the calculation precedes the program. The 
program is not in its final form and has not been extensively tested.
Determination of the center of the pipe would be more accurate 
since the scratch images are sharper than the images produced by the
(1)
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unmarked wall. Also, instead of using only two points to determine the 
pipe center, four or more points from the inner and outer scratch 
images would be used. The best circles would be fit to the data points 
from the inner and outer scratch images by non-linear least squares. 
The equations for the non-linear least squares fit are developed in 
section 2 of the appendix. A computer program is included in section 6 
of the appendix which calculates the center point and radius of the 
circles with the equations in section 2. This computer program is also 
not in its final form and has not been extensively tested.
The non-linear least squares fit automatically makes the corrections 
for non-concentric scratch images from an improperly aligned camera 
by obtaining the centers for both the top and bottom scratch images. 
Therefore, an improperly aligned camera would not contribute to error 
in determining radial and tangential coordinates for the particle. 
However, it should be noted that the major obstacle to aligning the 
camera was discovered. It was that plexiglass absorbs water and 
stretches. If the test section has already been assembled, the pipe 
must bow to relieve the extra stress caused from elongation. To 
eliminate this problem, the test section should be assembled, filled with 
water, and allowed to soak for three days to make sure the plexiglass is 
saturated with water. After this, the test section should be taken apart 
and reassembled.
Although the above procedure was used for pictures taken in the 
new technique, the camera still could not be properly aligned. This was 
probably due to the camera support used underneath the viewport. It
16
did not rigidly hold the camera vertically, and it easily tilted from side 
to side.
To increase the number of particle images per trajectory near the 
pipe wall, the axial region over which pictures would be taken was 
decreased from two inches to one inch. The result of this change can be 
realized by examining figure 7. Notice that the light sheets from each 
of the flash units are 1cm high and must overlap to fit within the 
shorter region. Therefore, particles traveling over a large range of 
velocities can be hit by all five light sheets. This would eliminate the 
bias inherent to Young's data near the pipe wall. The delay between 
flashes was set so that a particle traveling at its average axial velocity 
at y+=30 would be hit by the center of each light sheet.
However, in decreasing the axial region from two inches to one inch 
as mentioned above, the perspective effect would correspondingly 
decrease. This would decrease the accuracy in calculating axial particle 
positions. To compensate for this effect, the focal plane distance (f.p.d.) 
was decreased from 48 inches to 30 inches. The f.p.d. is the distance in 
air from the film in the camera to the object the camera is focusing on. 
Decreasing the f.p.d. enhances the perspective effect to make up for the 
shorter axial region.
The color filters chosen for the flash units shown in figure 7 were 
carefully chosen. Using these filters, the particle images do not split 
into two colors. Also note that the light sheets from each of the flash 
units were contained within the two scratches. The reason for this will 
be discussed in chapter V.
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In the new technique, light sheets from the flash units 
overlap so that multiple image trajectories are more 
likely near the pipe wall.
Figure 7
Chapter IV. Alterations to the Test Section
Four vertical scratches were initially chosen to be etched in the 
pipe wall since they were easier to make than scratches around the 
circumference of the pipe. A simple tool was crafted to make these 
scratches by soldering a sharp point onto a rod in the radial direction. 
The rod was manually inserted into the pipe so that the point rested 
against the top of the axial region. The rod was then drawn toward the 
holder to make a 1-inch scratch before it was finally removed. This 
was repeated four times 90° apart on the pipe wall. The top diagram 
on figure 8 shows how the scratches are positioned on the pipe wall. 
The bottom diagram on figure 8 shows that the scratches would ideally 
appear on film as crooked lines.
Line images would have been used to improve data near the pipe 
wall in the same manner as circular scratch images would be used. 
Coordinates from the ends of each line image would be obtained so that 
four points would be known on each the inner and outer edges of the 
pipe wall image. The radius and center point of the two circles which 
outline the boundaries of the pipe wall image could be obtained using 
the equations developed in section 2 of the appendix. Axial particle 
positions would then be obtained by the exact same procedure as 
described in the last chapter.
Unfortunately, on actual photographs the axial scratches appear
18
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Lines are crooked and
This diagram shows four verticle scratches on the pipe wall 
and how they appear as crooked lines on film.
Figure 8
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more like blobs than lines. Also, since more light is scattered by 
deeper scratches, the lengths of the lines appear to change with scratch 
depth. This is illustrated by the picture shown in figure 9 (it is actually 
a print of a negative). Three images from scratches of different depth 
can be seen at the top of the picture. Although the perspective effect 
should be the same in the same part of the pipe, the lines appear to be 
different lengths. Also, the points where the lines end are difficult to 
decipher since they appear to fade away instead of stopping abruptly.
It was decided to change to circular scratches because of the 
inherent advantages they offered. These advantages can be realized by 
examining figure 10 which shows how two such scratches might show 
up on film. The scratches would not appear as two perfect thin-lined 
circles. Instead, the edges of the scratches fade away just like the ends 
of the lines. However, the axial position a scratch corresponds to the 
center of the scratch image, not to its edge. Since the edges of the 
scratch image should fade away equally on both sides, the center of a 
circular scratch image would be much easier to approximate than the 
end of a line image. Another advantage to circular scratch images is 
that coordinates can be taken from the regions where the scratch 
images show up most clearly. Also, many more than four coordinates 
can be obtained for fitting the best circles which define the boundaries 
of the wall image by the non-linear least squares technique.
However, circular scratch images have a potential disadvantage. 
They could interfere with particle images and mirror images as 
illustrated on the right side of figure 10. Since a scratch scatters more
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The above figure shows how two concentric scratches 
might show up on film.
Figure 10
light than a glass particle, particle images on or near the scratch image 
would be difficult to see.
When making the scratches, it was desired that they would have an 
even depth around the internal circumference. This would minimize 
the degree to which parts of the scratch image might show up better 
than others on film. The machine shop could not make such a scratch 
on the lathe because the diameter of the pipe varies slightly from point 
to point. This variation occurs because the pipes were extruded using 
plexiglass. Extruded plexiglass pipes have a tolerance of 20 
thousandths of an inch. Plexiglass pipes which are cast can have a 
tolerance a low as zero.
A special apparatus was constructed that could make scratches of 
even depth around the inside of a plexiglass test section. A diagram of 
the apparatus is shown on figure 11. The extension arm used to make 
the scratches was a SO-inch long brass bar with a 0.25 square inch 
cross section. A shatp brass point was welded to the appropriate end. 
The weight of the bar was equally distributed on either end of a pivot 
point.
When using the apparatus, the ends of a plexiglass test section were 
rested on two v-shaped blocks before the brass bar was attached. 
These blocks were sprayed with wood lubricant so that the test section 
could be rotated easily in place.
The brass bar was then inserted in the pipe by guiding it along a 
removable block of wood with a horizontal groove cut into it. A dowel 
rod was then inserted through one of four holes and through a fixed
23
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hole in the bar. The four holes were spaced 0.5-inches apar fixed
block of wood. Two blocks with vertical groves were locale . either
end of the pivot point to guide the bar on a vertical pat wl n it
moved up and down.
When the scratch was ready to be made, the block with the 
horizontal groove was removed so that the sharp brass point rested on 
the inside of the plexiglass pipe. A small weight was placed on the half 
of the bar with the point to provide a constant force. The test section 
was then rotated in the v-blocks two full times without stopping to put 
a scratch around the inside of the pipe.
The block with the horizontal groove was then replaced and the 
dowel rod removed. Finally, the dowel was inserted though a hole in 
the block of wood 1-inch away from the previous one so that a second 
scratch could be made. The apparatus could be used to make scratches 
10.5, 11.0, 11.5, and 12-inches from the end of a test section.
Several different depths for the circular scratches were tried by 
varying the weights used to press the sharp point against the 
plexiglass. Since the apparatus was designed to make scratches only at 
certain axial distances, scratch depths could be easily increased by 
going over the same scratch with a heavier weight. To determine 
whether a scratch was deep enough, the test section was assembled 
and filled with water. If the scratch could be seen by the naked eye by 
looking through the viewport from the vantage point of the camera, it 
was assumed that the scratch could show up on film.
It was desirable to avoid scratches that were too deep because the
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images would show up too brightly on film. Brighter scratch images 
are thicker. When a scratch image becomes too thick, significant error 
may be involved with finding its center between its edges. Also more 
interference with particle images and mirror images would be 
experienced. Of course the brightness of a scratch also depends upon 
the intensity of the light shining upon it. This will be discussed in later 
chapters. The final scratches used in the lighting experiments 
discussed in chapter VI were made by placing a 17.5 g weight 20cm 
from the pivot point of the apparatus.
When choosing a pipe to make the final scratches, its smoothness had 
to be carefully considered because the walls of some of the test sections 
were rippled. These ripples were too large to remove by polishing, and 
they would interfere with particle mirror images if they were located 
in a certain region. This can be realized by examining figure 12. This 
figure illustrates how a particle mirror image is formed on film. If the 
ripples were at the point of incidence, the particle mirror image would 
be blurred or would not form at all.
When the test section with the smoothest pipe walls was chosen, the 
inside of the pipe was polished to make its walls more reflective. 
Polishing began with 5 micron aluminum oxide powder. Successively 
smaller polish grains were used until 0.3 micron alpha alumina 
micropolish was reached. The polish was applied using polishing cloth 
wrapped around a wood rod. Paper towels were wrapped in between 
the the rod and the polishing paper to prevent the wood from scraping 
against the pipe. The paper towels were attached with masking tape
27
This diagram illustrates the formation of particle mirror 
images.
Figure 12
and the polishing paper was glued onto the towels using the self 
adhesive on the back. Each polish was rubbed against the pipe wall for
twenty minutes.
To make sure that an adequately large region was polished, the 
following equation was used to calculate the possible points of 
incidence:
where Zpoi is the axial distance from the particle to the point of 
incidence, y is the radial distance of the particle from the wall, f.p.d is 
the focal plane distance, m is the magnification at the axial position of 
the particle, and d is the diameter of the pipe. This equation is
developed in section 4 of the appendix.
The distance of the particle from the pipe was calculated by,
where p is the viscosity of water, v* is the friction velocity, and P i s 
the density of of water. Since the experiments were run at a Reynolds 
number of 25,800 the corresponding friction velocity for hydraulically 
smooth pipes was calculated to be 2.73 cm/sec. By choosing a value of 
y+=30, a distance of 1.1 mm was calculated for y. Then by substituting 
the appropriate values into equation 2, the possible points of incidence 
were calculated to range from approximately 1-inch below the top
Zpoi = ( 2)d
(3)
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scratch to 2-inches below the top scratch. The actual range is probably 
about three inches long if different particle distance from the wall are 
taken into account.
Finally, the arrangement of the flash units needs to be discussed. In 
Young's technique, two flash units were located on the north side of the 
pipe, and the other three units were on the south side. In the new 
technique, all the flash units were placed on the south side of the test 
section. The board which had supported the flash units on the south 
side was replaced with a larger one to accommodate the extra two flash 
units. The board that had been on the north end was removed.
The flash units were arranged form east to west in a semicircular 
arc with a radial distance of 37.5-inches from the pipe wall. Lenses 
were placed in between the xenon tubes of the flash units and the test 
section at a radial distance of 16.67-inches. The lenses focused 1cm 
high sheets of light on the pipe wall.
The flash units were spaced approximately every 14.5° along the 
arc. They were fired in sequence from east to west with an 8ms delay 
between flashes. Color filters were taped to the front of each unit. The 
sequence of colors from east to west was red, orange, green, blue, and 
yellow. Each unit and focusing lens was staggered 0.125- inches above 
its neighbor to the west and 0.125-inches below its neighbor to the 
east. Small rectangular sheets of aluminum, 0.125-inches thick, were 
stacked underneath the units for this purpose. The light sheets 
overlapped as they struck the pipe wall as is shown in figure 7 in 
chapter II. None of the sheets of light were focused on the scratches.
All the flash units were originally moved to the south side of the 
test section with the intention of increasing the brightness of particle 
images and minor images. To accomplish this, a minor was taped to 
the pipe wall on the opposite side of the flash units to reflect light back 
into the test section. However, preliminary results were not promising 
and future attempts were abandoned. All the flash units were left on 
the south side of the pipe.
Alterations to Young's flow loop directly associated with improving 
illumination around the pipe will be discussed in the next chapter.
30
Chapter V. Illumination Around the Pipe
Many attempts were made to make the sc hes show up clearly 
on film by changing the illumination around the pe wall. When the 
scratches did show up, the illuminating conditions were such that 
particle images and/or particle mirror images would be difficult or 
impossible to see. The effects of different lighting on wall images and 
particle images is presented in this chapter. The extent to which the 
flash units illuminate the pipe wall is also discussed. All pictures of the 
pipe were taken with a exposure time of one second and using 400 
speed film. Other camera settings will be mentioned for the individual 
experiments.
However, before lighting conditions can be examined, a phenomenon 
discovered by Young called particle trapping must be discussed 
because it is directly related to obtaining clear wall images. Young 
noticed that, at Reynolds numbers below 24,800, 100 micron glass 
particles flowed down the wall in long chains. He described these 
chains as necklaces.
When particles flow in necklaces down the pipe wall, the wall image 
is obscured. This is illustrated by the picture on figure 13. The 
particles brighten the axial region but make its edges difficult to see. 
Unfortunately, since high Reynolds numbers are needed to prevent this 
phenomenon, the buffer zone becomes very small. The buffer zone is
31
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the region of greatest interest to study.
Therefore, a Reynolds number close to 24,800 should be used in the 
new technique. A value of 23,800 was recommended by Young. At 
this Reynolds number, the buffer zone is only about ten particle 
diameters wide. The viscous sublayer is less than two particle 
diameters across at this flow rate. Therefore, the sublayer cannot be 
studied using the new technique unless lower density particles are 
chosen. With less dense particles, lower flow rates can be used to 
increase the wall layer without the particles becoming trapped on the 
pipe wall.
To determine the extent to which flash units illuminate the pipe 
wall, the following experiment was set up. The blue flash unit was 
aimed at the bottom scratch, and the red flash unit was aimed at the 
top scratch. The f-number was set to 11 and a focal length of li^mm 
was used. Except for the lights in the lab, no illumination besides the 
flash units was present. The flash units were kept at the same position 
on the semicircular arc (see chapter IV.). The resulting print is shown 
on figure 14. On the picture, the red light sheet strikes the pipe wall 
from the bottom, left corner, and the blue light sheet strikes from the 
middle, left side.
Each flash unit illuminated about 70% of the pipe wall. About 43% 
of the wall was illuminated on the same side of the flash unit and about 
23% was illuminated on the opposite side. Only half of the wall was 
illuminated by light from both of the flash units. This is the only 
region of the pipe where a particle near the wall can be hit by both a
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red and a blue flash unit. Since four flash units fire in the sequence 
from red to blue, a four image particle trajectory would be possible 
only over half the pipe.
Since the yellow and red flash units are even further apart on the 
semicircular arc of flashes, the region over which the pipe is 
illuminated by both of these light sheets would be even less. 
Therefore, five image trajectories near the wall would only be possible 
over a little less than half of the pipe.
Since the flash units were almost spaced as close together as 
possible, the region of overlapped illumination could not be improved 
significantly by moving the flash units closer to each other. If the flash 
units were placed on opposite sides of the pipe as previously done in 
Young's set up, the overlap would be worse. This is because a flash 
unit only illuminates 25% of the pipe wall opposite to it. Therefore, the 
maximum overlapped illumination for flash units on opposite sides 
would be only 50%. The maximum possible overlap for the 
arrangement of flashes in the new technique is 70% (i.e. if two flash 
units could somehow be set in the same place).
It was mentioned in the last section that the flash units were 
arranged so that none of the light sheets hit the scratches. This was 
done because the flash units do not evenly illuminate the pipe wall (c.f. 
figure 14). When the light sheets do not strike the scratches, they 
contribute significantly less light in forming the pipe wall image.
To improve the scratch image, it was decided to increase the light 
intensity around the pipe wall. Three photofloods were installed for
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this purpose. In an attempt to evenly distribute the light, they were
spaced 120° apart. The photofloods were hung by twine from the
3
unistrut which supported Young's flow loop.
A couple precautions were taken to reduce the amount of stray light 
that might hit the test section and cause uneven illumination. First, the 
board which supported the flash units was spray painted black, and a 
wall near the test section was covered with black paper. This was done 
to decrease the amount of light which reflected off these surfaces 
toward the pipe wall. Second, a black curtain was erected around the 
test section to block out any illumination from the neon lights in the 
lab. This was done after the room was scanned with the light meter 
from the Olympus OM-2 camera used ;o take the pictures. The scan 
revealed different intensities of light around the room.
Black and white photographs were used to study the effect of 
different lighting on scratch images and on images of the pipe wall. 
Black and white film was chosen because it is easy to develop in a dark 
room. Color film must be sent to a photolab, and the results cannot be 
immediately seen. Unfortunately, the wall image does not show up 
exactly the same on black and white photographs as it does on color 
photographs. Wall images generally show up better on black and white 
pictures. Nevertheless, these pictures were helpful in understanding 
general trends. The black and white prints contained in this thesis are 
actually negatives so that light areas show up dark and dark areas 
show up light. Also, they were developed on color film. When this is 
done, black and white pictures sometimes experience a color shift and
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take on a greenish tint.
The picture on figure 15 was taken under conditions of high over 
exposure. The three photofloods were placed 11-inches away from the 
test section. An f-nutnber of 11 and a focal length of 100mm were 
used. Close examination of the wall reveals two scratch images that 
stand out from the rest of the wall image. However, two dark rings 
also appear around the pipe. Rings this dark would make particle 
mirror images nearly impossible to see. In most of Young's 
photographs, halos of light were not seen around the image of the pipe 
wall. As a result, he obtained sharp mirror images on film.
The dark rings are caused by scattered and reflected light 
illuminating the pipe wall beneath the uncovered axial region. The 
rings do not appear inside of the scratch images because most of the 
scattered and reflected light illuminating the pipe wall above the 
uncovered axial region never reaches the camera. However, since the 
picture on figure 15 is so overexposed, the small amount of light which 
would be reflected back toward the camera is intense enough to form a 
light ring inside of the scratch images. Any exposure further within 
the scratch images is caused by the water in the pipe scattering light 
toward the camera. Note that if pictures of particles would be taken 
with this high of overexposure, the particles would appear as gray 
streaks.
Originally, it was suspected that covered regions of the pipe wall 
were illuminated by direct light from the photofloods as shown by the 
diagram on figure 16. Light from a photoflood could enter the
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uncovered axial region at a large angle and illuminate large portions of 
the covered pipe wall. To decrease this problem, the photofioods were 
moved from 11-inches to 22-inches away from the test section. This 
was the furthest the photofioods could be moved away due to space 
limitations. Illumination was also decreased by a factor of four since 
light intensity decreases with distance squared.
The top and bottom pictures on figure 17 were taken with the 
photofioods 22-inches away and with f-numbers of 22 and 11, 
respectively. Again, a focal length of 100mm was used. The dark rings 
are significantly lighter in these pictures, but the scratch images can no 
longer be seen. The f-number was increased to 22 to further lighten 
the ring around the pipe. However, the image of the pipe wall also 
suffered. On both of the photographs, notice that the image of the pipe 
wall is not consistent around the entire circumference. Instead, the 
intensity of the image alternates six times between dark and light 
areas. This indicated that three photofioods were not sufficient to 
provide even illumination around the entire test section.
Although the edges to the wall image appear to be clear on the 
photograph at the bottom of figure 17, it is a black and white 
photograph. Similar results cannot be obtained on color pictures.
Sharp scratch images which were surrounded by a halo of light of 
relatively low intensity were obtained in the following experiment. 
The entire pipe wall was covered with black construction paper except 
for the scratches which were exposed by two 1mm high openings 
around the pipe. An f-number of 11 and a focal length of 125mm were
These pictures were taken under the same conditions except the I 
number was set at 22  for the top picture and I I for the bottom 
picture The bottom picture is overexposed, but the wall image is 
good. On the top picture, the higher I number reduced the 
overexposure, hut the wall image does not show up as well.
Iiguie 17
used. The photofloods were placed 11-inches from the pipe wall. 
These are the same camera settings (except for focal length) used to 
take the picture on figure IS.
The resulting picture is shown on figure 18. Notice the halo of light 
appearing outside the scratch images. No halo was expected since the 
slit openings in the construction paper were very small. With these 
small slits, covered regions of the pipe wall could not possibly have 
been illuminated by direct light from the photofloods as is shown in 
figure 16. Lower regions of the pipe wall must be illuminated from 
light scattered by the scratches.
Although the halo appearing on this picture has a much lower 
intensity than the dark rings appearing around the scratch images on 
figure IS, this halo would still make particle mirror images difficult to 
see. Hov/ever, the scratch images on figure 18 show up so brightly that 
they would interfere more with seeing mirror images than the halo of 
light.
When the scratch images from the picture on figure 18 are blown 
up on a large screen, each scratch appears to be multicolored. Each 
scratch image is red on the inside, blue on the outside, and white in the 
middle. In a few areas, the white part of the scratch image does not 
appear, and it is only blue and red. Although the width across all three 
colors of the scratch image varies around the circumference of the pipe, 
it is approximately 200 microns across. However, the width of the 
white part of the scratch image is a mere SO microns across. Therefore, 
the center point of this part of the scratch can be determined with
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pinpoint accuracy.
A second experiment with the isolated scratches was tried. The red 
flash unit was pointed at the top scratch, and the blue flash unit was 
pointed at the bottom scratch. No other sources of illumination were 
used. The camera settings were kept the same as before. Both the 
scratch images showed up over 25% of the pipe on the same side as the 
flash unit, and no halo of light was observed. The image of the blue 
scratch was as wide as the white part of the scratch from the previous 
experiment. The red scratch image, however, was 100 microns across.
A third experiment was run with the same conditions as the second 
experiment except one photoflood was added as a light source. The 
flood lamp was located perpendicular to the flash units. On the picture, 
one region of the pipe had a blue outer scratch image and a red inner 
scratch image, and the other region had two multicolored scratch 
images. The two regions flowed into each other. The blue scratch 
image joined the multicolored scratch at the white part of the image. 
The red scratch, however, flowed directly into the red part of the 
multicolored scratch image. Therefore, if a red flash unit and a blue 
flash unit were fired at the same scratch, the image would form at 
different locations on film.
In theory, a scratch image on film corresponds to its axial position 
on the pipe. The accuracy with which the multicolored scratch images 
from figure 18 correspond to the correct axial positions is checked in 
chapter VI. The accuracy of the solid red and solid blue scratch image 
could not be tested since only 25% of each scratch was illuminated.
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With the entire axial region covered in the three experiments 
described above, particle images could obviously not be formed. 
However the advantages to isolating the scratches is this manner will 
be discussed in chapter VII.
Finally, the formation of particle mirror images near the pipe wall 
was investigated. The picture on figure 19 was taken with particles 
flowing through the pipe with a Reynolds number of approximately 
25,800, and an 8ms delay between flashes. The f-number was set at
11, and a focal length of 100mm was used. The 8ms delay allowed 
particles traveling at their average velocities at y+-30 to be hit by the 
center of each light sheet. Several four image particle trajectories 
appeared near the pipe wall, but no five image trajectories were seen. 
The particle mirror images are difficult to see because of the halo of 
light around the wall image.
Due to the short flash timing, the particles do not have much time to 
travel in the radial and tangential directions. Therefore, the particle 
images are very close together. With the results from this photograph, 
overlapping particle images would apparently not be a significant 
hindrance to the new technique although there may be some bias in 
the data toward faster moving particles. Suggestions to increase the 
radial and tangential distances between particle images in trajectories 
near the wall are given in chapter VII.
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Chapter VI. Results
The pictures taken from the experiments in chapter V were 
developed as slides. The slides were not mounted for easy handling. 
To examine the pictures, the images were projected onto a large screen 
using a Mitutoyo profile projector (model PJ311). The apparatus is 
capable of electronically displaying coordinates for cross hairs which 
can be moved in all directions across the projected imuge. These 
coordinates could be automatically transferred to a data file on a 
computer terminal at the touch of a button. This process is called 
digitizing. The apparatus is accurate to five hundred thousandths of
and inch or one micron.
Using the profile projector, the perspective effect (or the radial 
distance between the sharp circular scratch images) was calculated at 
sixteen points around the pipe wall image for the picture in figure 18. 
The white part of each multicolored scratch image was assumed to 
correspond to the correct axial location of each scratch on the pipe. 
When the scratch was only red and blue, this point was assumed to be 
in between the two colors.
The perspective effect around the pipe is labeled in inches x 10* on 
the diagram on figure 20. Notice that the effect is not the same around 
the entire pipe because the camera was not properly aligned. On the 
diagram, the inner scratch image is shifted to the top left so that the
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This figure displays two circular scratch im ages taken 
by a camera! pointed slightly off center. The 
numbers in between the circles represent ring 
thicknesses In inches x 10* from actual experim ental 
measurements. The numbers at the end of the dotted lines 
represent the total perspective effect.
The position of the floating center is an estimation.
Figure 20
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perspective effect is the smallest in this corner and largest on the 
opposite side. The total perspective effect is labeled at the ends of the 
dotted lines. Total perspectives were calculated by adding the 
individual perspectives on opposite sides of the pipe. The largest total 
perspective should occur across the line passing through the center of 
both scratch images. The total perspective effect should gradually 
decrease to a minimum value located across a line perpendicular to the 
line of maximum perspective.
This general trend is reflected by the data shown on figure 20. The 
maximum total perspective effect is approximately 1175 x 10*3 inches. 
This would be the perspective obtained around the entire pipe if the 
scratch images were perfectly concentric. The data labeled on figure 
20 is also listed in table I.
To determine whether the scratch images corresponded to the 
correct axial locations on the pipe, the expected total perspective (ETP) 
was calculated. To do this, the magnifications corresponding to the 
axial position of the top and bottom scratches were first calculated by 
the following formula:
m(z+Az)
m(z) (4)
where m(z) is the magnification at position z, z is the axial position (the 
z axis points axially downward), Az is the change in axial position, o(z) 
is the object distance from the lens (always negative), and I is the
Ring thickness 
(inches x 1(T)
Thickness of 
opposing side 
(inches x 10s)
Total perspective 
effect
(inches x 10 )
----- 558-------- 513 1175
700 475 1175
690 465 1155
675 460 11.15
650 ^ 460 1110
590 520 1110
550 550 MOO
510 610 I 120
Table I
Trial # Pipe diameter 
at top scratch 
(inches)
I Pipe diameter 
I at bottom scratch 
I (inches)
1 1.993 1.994
2 1.990 1.990
3 1.992 1.991
4 1.992 1.995
5 1.988 1.992
6 1.993 1.990
7 1.995 1.995
8 1.995 1 1.994
9 1.995 1.995
10 1.994 1.995
11 1.995 1.994
12 1.996 1.995
13 1.995 1.996
14 1.991 1.996
15 1.992 1.998
average 1.993 1.994
standard
deviation 0.022 0.022
Table II
index of refraction of water. This equation is taken taken out of 
Young(1989).^
The magnification at position z was calculated by the by:
where f.p.d. is the focal plane distance and f is the focal length. This 
equation was developed in section 3 of the appendix.
The ETP was calculated by multiplying by multiplying the 
difference in magnification, Am, between the top and bottom scratches 
by the diameter of the pipe, d, as in the following equation:
The ETP was calculated to be 1622 x 10'5 inches. This does not
inches obtained from the picture on figure 18. The relative error
between the two values is 27%.
The inside diameter of the pipe was determined using the 
instrument shown on figure 21. The length of a telescoping gauge was 
extended by attaching a 0.3-inch OD brass pipe, 38.3-inches long, to its 
handle with four screws. A second pipe with al-inch OD and with a 
length of 47.3-inch was attached to the telescoping gauge above the 
handle as shown in the diagram. The contact plungers could be
(5)
ETP « 2d(Am). (6)
compare favorably with the maximum total perspective of 1173 x 10'5
Contact plunger o 
telescoping gauge
Handle
1* 0 0  brass pipe
1/2” OD brass pipe
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Schematic of device used to m easure the internal diam eter 
of the plexiglass pipe.
Figure 21
released when the device was inserted far in the pipe by turning the 
inner pipe to the left and outer pipe to the right.
The pipe diameter was obtained at the axial location of the top and 
bottom scratch. In gathering the data, five measurements were taken 
across one point of the pipe. The pipe was then rotated by a one third 
turn before taking the next five measurements. This was done one last 
time to obtain a total of fifteen points. The. data is listed on table II. 
This procedure was followed because the pipe diameter varies across 
different points of the pipe. The average pipe diameter was 
determined to be 1.993-inches at the top scratch and 1.994-iiiches at 
the bottom scratch. Both measured values had a standard deviation of 
±0.022-inches. A value of 1.99-inches was chosen to calculate the ETP.
It should be mentioned that equation 5 provides only and 
estimation for the magnification since focal plane distance is not exactly 
known. However, the value obtained is adequate to calculate the ETP 
because of the high relative error between the expected and measured 
results.
A more accurate equation for magnification was determined for a 
focal length of 100mm by the following procedure. First, the Olympus 
OM-2 camera was focused on a ruler. Next, the f.p.d. was obtained with 
a tape measure. F.p.d. was determined to be the distance from the base 
of the cylindrical zoom lens to the ruler. The actual f.p.d., which is the 
distance in air from the film in the camera to the ruler, is not measured 
because it is not convenient to obtain.
From the picture of the ruler, the distance between two hash marks
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on film was determined using the profile projector. The magnification 
could then be calculated by dividing this distance by the actual 
distance between the two hash marks on the ruler. The results are 
listed on table III, and a plot of magnification vs focal plane distance is 
given on figure 22.
The data was fit by the following second order equation:
y -  0.95913 - 0.042237x + 0.00054826x2 (7 )
where y is the magnification x is the focal plane distance. This equation 
cannot be used to calculate the magnification on figure 18 because a 
focal length of 125mm was used to take that picture.
It also should be noted that a number two step up lens had to be 
attached to the camera in order to take pictures at an f.p.d. of 30- 
inches. Originally, it was not known whether or not the close up lens 
affected the focal length. Therefore, focal length was calculated using 
the magnifications and the f.p.d's listed on table III by the following 
equation:
f.(f.p .d)T_ 5 L «  (8)
(m + I f  .
All of the parameters have been previously defined. The equation is 
developed in section 3 of the appendix. The resulting focal lengths are 
listed in table III. They were all close to 100mm. Since the zoom on 
the camera was set to 100mm, it is most likely that the close up lens
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Focal plane distance
(inches)
M agnification Focal length 
(m ill)
32.34 0.166 100.3
31.21 0.175 100.5
30.25 0.183 100.5
29.44 0.191 100.7
27.94 0.207 100.8
Table III
Focal plane distance 
vs
Magnification
Focal plane distance 
(inches)
Figure 22
has no effect on focal length.
Chapter VDL Recommendations
At this point, it is not known why the measured total perspective 
from the picture on figure 18 does not compare well with the ETP. 
Nevertheless, a new set up will be suggested Ant should alleviate most 
of the problems mentioned in chapter V.
In the new set up, the scratches and jet black construction pnper 
would be arranged on the test section as shown in figure 23. The 
scratches would be isolated by 0.5-i ch strips of black construction 
paper above and below a 1-inch uncovered axial region. The scratches 
should be made deeper to improve their scattering efficiency. To make 
the scratches, it is recommended to use a weight of 35g on the 
apparatus described in chapter IV. This is approximately double the 
weight used before. Instead of three photofloods, it is suggested to use 
five 100 watt bulbs evenly spaced around the test section and 22- 
inches away. Recommended camera settings are an f-number of 11, a 
focal length of 100mm, and a 1 second exposure time.
The idea is that scratch images would show up just as well using 
deeper scratches with low intensity light as they would using lighter 
scratches and high intensity light. Also, the halo of light around the 
scratch images would not be as bright with the new set up since less 
light would be available. The scratch images would appear away from 
the image of the uncovered axial region as shown in the box on the
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Black paper
Plexiglass pipe
_ Small opening lets 
light in to hit scratch
1" uncovered section
Scratch
\
T
1/ 2*
1
Scratch images are 
separated from wall 
image on film
This figure shows the effect of separating the 
scratches from the one inch axial region.
Figure 23
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right of figure 23. Therefore, the images of the scratch themselves 
would tend not to interfere with particle images and mirror images.
The purpose behind the camera settings is two-fold. First, an f- 
number of 11 is low enough so that sufficient light can be admitted for 
bright particle images and minor images. Second, the combination of 
an f-number of 11 and a focal length of 100mm gives a depth of field 
of approximately 3-inches. This depth is more than adequate for the 
above set up.
Depth of field was calculated with the following equation:
where d is the depth of field, f# is the f-number, F is the focal length,
focal length since it is in the numerator. However, since magnification 
increases with focal length, the net effect is that depth of field 
decreases quite rapidly with focal length. The focal length of the 
Olympus OM-2 can be reduced to 80mm to increase the depth of field, 
but the magnification would be unreasonably small. However, it might 
be recommendable to slightly increase the f-number to 13 instead. 
This would increase the depth of field to 3.5-inches without changing 
magnification. With this depth of field the scratches could be moved 
three inches apart.
The next recommendation suggests alterations which could be made 
to increase the radial and tangential distances between particle images
(9)
C
and m is the magnification. Depth of field appears to increase with
in a trajectory. In the altered set up, the intensity of the light from the 
flash units would have to be increased by increasing the pulse 
duration. The next and highest setting on the units would provide 
nearly double the light intensity. Additional lenses would have to be 
added which would double the height of the light sheets to 2cm 
without increasing their width. Doubling the height of the of ilie light 
sheets would reduce the intensity to about the initial value.
With 2cm high light sheets, it is recommended to increase the 
uncovered axial region to 1.5 inches. There would still be sufficient 
overlap between the light sheets if they were spread over this distance. 
The delay between flash pulses could then be increased. As a result, 
particle images would appear further apart in trajectories near the 
wall. With higher light sheets, an f-number of 13 and a focal length of 
100mm is recommended to increase the depth of field so that the 
scratches could be placed 3‘inches apart. It should be mentioned that 
increasing the intensity of the light sheets would decrease the lifetime 
of the flash units.
Circular scratches are not necessarily the best marks to make on the 
pipe wall. Instead, it may be recommendable to make several notches 
to form two dotted circles around the internal circumference of the 
pipe. The dotted circles would scatter less light which would decrease 
possible halo effects. The center of the notch images would be digitized 
just like center of the circular scratch images. Also, as many data 
points as notch images could be obtained to find two circular reference 
points from a non-linear least squares fit.
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The notches could be made using the apparatus described in chapter 
IV. A notch would be made by letting the point of the extension arm 
on the apparatus rest against the plexiglass wall of the pipe using a 
small weight to apply a constant force. Successive notches would be 
made by manually lifting the point from the pipe wall, rotating the 
pipe, and letting the point rest against another spot.
In regard to the curtains around the test section, it is now believed 
that the intensity of light in the lab is too low to affect wall images. If 
the curtains prove to be a hindrance to working around the pipe, they 
could probably be removes without changing the quality of the 
pictures.
The final recommendation i* to install a trap on the blue oil 
manometer to prevent the oil from being swept into the flow loop 
when flow rates are accidentally set too high. Blue oil cannot be 
tolerated in the loop because the particles in the fluidized bed start to 
clump. If this happens, oil can be removed by charging the flow loop 
with three bottles of dawn dish washing detergent. The water in the 
loop should then be circulated for five minutes before dumping it out 
and replacing it with fresh water. This procedure should be repeated 
until no more suds remain.
In conclusion, it is believed that the technique has a very good 
chance for success. The suggested set ups contained in this chapter 
should alleviate most of the problems associated with illuminating the 
pipe wall. Although the theoretical and expected values for the total 
perspective effect do not compare very closely, the picture on figure 18
62
shows that sharp scratch images can be obtained. As long as a 
consistent reference point can be used, the technique can probably be 
made to work.
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Appendix
I. Justification of linear relationship between magnification and axial 
location:
Young41 derived a relationship between magnification and axial 
distance:
m(z) *  magnification at position z 
z ■ axial position (s axis points axially downward)
Az m change in axial position
o(z) ■ object distance from the lens (always negative)
I a  index of refraction of water (T| *  1.33)
Expanding this equation in its taylor series expansion one obtains.
* In deriving this equation, Yovng argues that image distance is constant 
because the camera is stationary. This may be counterintuitive. By the basic 
equation,
I I l 
? “ T o
it seems that if object distance changes, image distance must also change because 
focal length Is constant. However, this basic equation holds only when the 
camera Is in focus. In the actual esperiment the camera is only focused on the
center of the axial region. th e  magnification that is > >i< uliitnt is from the 
camera being out of focus. One ban prove to oneself that objects which are out of 
focus have different magnifications by looking at an object through a camera 
and changing the focus.
(4 )
where,
2
(10)
However, since object distance is large with respect to z, the equation 
simplifies to
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m(z+Az) -  m(z) Azo(z)I ) ( 11)
This equation is linear. Therefore, it is justified to solve for axial 
position by linear interpolation with the following equation:
Zp-(Zb-Z ,) ( i)  + Zt (1)
where,
Z- a  axial position of particle
axial position of bottom scratch 
Z| «  axial post ion of top scratch 
x -  nrfZp) -  ntfZ,) 
y ■ nKZfc) -  mtZ,)
II. Linear regression for finding the center of a circle and, its radius.
The basic equation for a circle is
(x-a)2 + (y-b)2 = c ( 1 2 )
where,
(x,y) are coordinates on the circle 
(a,b) is the center of the circle 
c is the radius squared
In analyzing the pictures of the pipe's cross section, at least four points 
on both the inner and outer scratch rings are needed to find the center 
of each ring and their radii. Values of a, b, and c nre found by non­
linear least squares. Error for each point, Ei, is
Ei ■ (xr a)2 + (yr b)2 -  c (1 3 )
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Squaring the error:
E( ■ ((xr a)2 + (yr b)2 -  c)2 (14)
Now we want the sum of the squares to be minimized:
It
]T e12« e| + e2 + e32+...+ e2 (15)
l-t
To do this, take the partial derivative of the above sum with respect to 
a, b, utd c and set equal to zero by the following equation.
d(£E,2)
““ ST- (16)
This results in the following three equations:
II
fora, 0 »  /  ,[(x<-a)? + (yt-b )2(x i-a )- c(xr a)J
i-i
n
forb, 0 ■ ]S£l(x;-a )2(yr b) + (y,-b)5 -  c(yr b)] (1 7 -a ,b ,c )
i-t
n
for c, 0 ■ ^ ( ( x t-a )2 + (yr b)2 -  c]
1*1
Expanding the equation:
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M
for a, 0 «  ^[X j3 -  3xfa + 3xja2 -  a3 + Xjy? -  I x ^ b  +• x,b2 
i-l
-  ay2 + 2ayjb -  ab2 -  cxj + ca] 
n
for b, 0 ■ [yjXj2 -  2y|X{a + y^2 -  bxf + 2bxja -  ba2
i - i
+ y l  ~  3y?b + 3ytb2 -  b3 -  cyt + cb]
ik
for c, 0 » 7  .[xj2 -  2xja + a2 + y,2 -  2ytb + b2 -  c]
W1
If the center o f the circle is approxim ately (0 ,0 ), all second  
order terms in a and b can be cancelled out.
II
fora, 0 * X lx 3 -  3xfa + Xjy2 -  2x1y1b -  ay(2 -  cxj + ca] 
i-l
II
for b, 0 -  2^iyi*f -  2y,x,a -  bx,2 + yf -  3y?b -  cy, + cb]
i-l
B
fore, 0 ■ Jrflx? -  2x^ a + y2 -  2y|b -  c] 
l-l
Grouping like terms together:
a
fora, 0 ■ y.Kx? + xjy?) -  aOx? + yf) -  b(2x1yi) -  c(x1) + ca] 
i-l 
a
for b, 0 ■ y.l(yt3 + y2) -  a(2x1y1) -  M3yf + x?) -  <Kyt) + cb] 
l-l 
a
fore, 0 » y ,  Kxf y,2) -  a(2xj) -  b(2y|) -  c] 
i-i
(1 8 -a ,b ,c )
and third
(19 * a ,b .c)
(2 0 -a ,b ,c )
T hese equations cannot be so lved  by matrix inversion because o f the 
term s ca  and cb. The second  com puter program in the appendix
(center.for) « u  written to calculate the parameters a, b, and c by 
knowing four or more points on each the inner and outer ring.
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in. rw rm inatinn of focal length and maanification.
The basic equation for a lens is:
where,
i focal length 
i * Image distance 
0 * object distance.
Magnification, m, is related to image and object distance by:
im* —o
(21)
(22)
Focal plane distance (f.p.d.) is related to image and object distance by:
f.p.d.«i + 0. (23>
Since focal plane distance and magnification can be experimentally 
obtained, we have three equations and three unknowns. Solving for f 
in terms of m:
f  ■ (f.p.d.) m ,
(m + 1),
(24)
This equation can be rearranged to find magnification:
m(z) ■ 
b *
(5 )
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To approximate the location for the point of incidence, a particle 
distance corresponding to y+«30 was chosen. Experiments were ran at 
a Reynolds number of approximately 26,000. At this flow rate, friction 
velocity, v*. was estimated to be 2.73 cm/s for smooth pipes. The 
distance from the wall was calculated by the following equation:
where,
y ■ distance from the wall 
p = viscosity 
p *  density
(3)
The point of incidence, Zpoi, is calculated by using similar triangles.
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In the above figure, i represents the image distance, and d/2 
represents half the diameter of the pipe.
Image distance can be obtained using the following set of equations:
( 2 2 )
f.p.d. ax i + 0 ( 2 3 )
Solving for i in forms o f f.p .d and m:
i -  f.p^.(i -  ~ 5 t ) (23)
B y n tia g  sim ilar trianglas and substituting the above equations, the 
fo llow in g equation for point o f  incidence is obtained:
ccccccccccccccccccccccccccccceccccccccccccccccccccccccccccccccccccc
c This program calculates tha verticle position "2" of a particl 
c
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
ccccc choice **** flag to continue or stop the program 
ccccc xb ******** center x coordinate for bottom of circle
ccccc yb ******** center y coordinate for bottom of circle
ccccc xt ******** center x coordinate for top of circle
ccccc yt ******** center y coordinate for top of circle
ccccc t ********* tenperature of eater 
ccccc d ********* focal distance in air
ccccc rb,rt ***** radius of the bottom and top of the circle 
ccccc xtraj,ytraj coodinates of the trajectory 
ccccc xmir,ymir** coordinates of the mirror image 
ccccc error****** maximum distance above or below the 2.85 cm regio
( 2)
V. Program to calculate axial pnaltkm
c
ccccc where the trajectory can be accepted
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ccccc delta****** epsilon error for calculating z position
CCCCC xbot,ybot,xtop,ytop are the same as xb,yb,xt,yt excpt they ar
ccccc teiqporay storage varied to determine z
ccccc *********** location of partical vertically in the pipe 
ccccc i»*****»*»* index of refraction of water 
ccccc xwall****** x coordinate for the wall 
ccccc xcent****** x coordinate for the floating center
INTERGER CHOICE
CHOICE - 1
WRITE(6,*) 'ENTER THE COORDINATES FOR THE CIRCLE CENTER AT TH
+ 1 BOTTOM(INCHES;X,Y).'
READ(5,*) XB,YB 
WRITE (*,*)
WRITE(6,*) 'ENTER THE COORDINATES FOR THE CIRCLE CENTER AT TH
+ ' TOP(INCHES;XY). '
READ (5,*) XT, YT 
WRITE (»,*)
WRITE(6,*) 'ENTER TEMPERATURE(CELCIUS) AND FOCAL DISTANCE IN'
+ 'AIR (INCHES) . ‘
READ (5, *) T,D 
WRITE (*, *)
WRITE(6,*) 'ENTER THE RADIUS FOR THE BOTTOM AND TOP PERSPECTI
READ (5,*) RB,RT 
WRITE!*,*)
DO WHILE( CHOICE .EQ. 1)
WRITE (6,*) 'ENTER THE COORDINATES OF THE TRAJECTORY AND TH
+ ' MIRROR IMAGE (INCHES; X, Y; X, Y) . '
READ(5,*) XTRAJ,YTRAJ,XMIR,YMIR 
WRITE (*,*) '
WRITE(6,*) 'ENTER THE MAXIMUM DISTANCE ABOVE OR BELOW THE'
+ ' 2.85 CM REGION WHERE THE TRADJECTORY CAN BE ACCEPTED (C
READ(5,*) ERROR 
WRITE(*,*)
WRITE(6,*) 'ENTER EPSILON FOR HOW CLOSE THE DISTANCE GETS
+ ' THE RADIUS(INCHES).'
READ(S,*) DELTA 
WRITE (*,*)
PRELIMINARY CALCULATIONS
D = 2 . 54D
I -  - . 000095*T+1.33488 
Z=(RB/RT-1.0)*D*I 
XWALL-(XTRAJ+XMIR)/2.0 
YWALL-(YTRA.J+YMIR)/2.0
--------------------ASSIGN INITIAL VALUES
R-RB 
RBOT-RB 
RTOP^RT 
XBOT-XB 
XTOP ~ XT 
YBOT-YB 
YTOP~YT 
DIST-0
--------------------CHECK IMAGE VALIDITY---------------------------
DIST SQRT( (XWALL-XB)* * 2 .0 ♦ (YWALL-YB)* *2.0)
IF(DIST .GT. RB) THEN CALL CHECK(R,DIST,RB,ERROR)
DIST -  SQRT{(XWALL-XT)**2.0 ♦ (YWALL-YT)**2.0)
IF(DIST .LT. RT) THEN CALL CHECK(R,DI ST,RT,ERROR)
--------------------- CALCULATE Z--------------------
DO WHILE(DIST .GT. (R+DELTA) .OR. DIST .LT. (R-DELTA))
Z = Z / 2 .0
R=R/ (1 .  0 - Z / ( I * D ) )
XCENT=(XBOT+XTOP) / 2 .0
YCENT*(YBOT+YTOP) / 2 .0
DIST«SQRT((XWALL-XCENT)**2 ♦ (YWALL-YCENT)* *? . )
I F ( D I S T  .GT. R)THEN 
XTOP-XCENT 
YTOP- YCENT 
RTOP=R
END IF
I F  (DIST .LT. R)THEN 
XBOT=XCENT 
YBOT*=YCENT 
RBOT"RCENT
END IF
Z - (R B O T /R T O P -1 . 0 ) *D*I 
REPEAT
REPORTING THE Z VALUE
IF(DIST .NE. - 1 .0 ) THEN
WRITE(6,*) 'THE Z LOCATION FROM THE BOTTOM OF THE PIPE
* IS ',Z , 'C M .'
END IF
WRITE(*,*)
n
o
n
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WRITE<*,*)
WRITE (6, *) 'DO YOU WISH TO CONTINUE (1 FOR YES; ANYTING FOR 
READ(5,*) CHOICE 
REPEAT
WRITE(% *)
WRITE( * ,  * )  'COME AGATN.'
STOP
END
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
c
WHEN THE TRAJECTORY IS OUT OF BOUNDS, CHECK DETERMINES 
WHETHER THE VALUE IS CLOSE ENOUGH.
ccccccccccccccccccccccccccccccccccccccccccccccccccccrrrcccccccccccc
SUBROUTINE CHECK(R,DIST,RCHECK,ERROR)
IF(ABS(RCHECK-PIST) . LT. ERROR) THEN 
RCHECK-DIST
WRITE(6,*) 'RADIUS HAD TO BE CORECTED BUT WAS WITHIN 
4 ’CHOSEN ERROR. '
WRITE(*,*)
ELSE
WRITE <6,*) 'TRAJECTORY IS UNACCEPTABLE.'
R*-l.0 
DIST=R 
END IF
RETURN
END
vi. Ersgram tu eajptilaie cirele natam&ieis frnm fuui ul mate daia
points.
ccccccccccccccrccccccca (< < i 1111 i.j Crccccccccccccr c r r c c e r c ,  -ri •( -j c r c c c
C SUBROUTINE TO DETERMINE PIPE CENTER |T«OM l.feAst SyilAP.E I ITT IMG 
C AT LEAST THREE COORDINATES
c
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
CCCCC C(l) IS THE X CENTER OF CIRCLE rrccc C (2) IS THE Y CENTER OF CIRCLE
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CCCCC C (3) IS THE SQUARE OF THE RADIUS OF CIRCLE 
CCCCC X(I) IS THE X DATA COORDINATE 
CCCCC Y(I) IS THE Y DATA COORDINATE
CCCCC SUMX3. . . SUMXY IS THE SUM OF THE X’S CUBED. . .THE SUM OF X*Y 
CCCCC INRAD IS THE INNER RADIUS OF CIRCLE FROM PERSPECTIVE EFFECT 
CCCCC OUTRAD IS THE OUTER RADIUS
CCCCC XIN IS THE X COORDINATE OF THE INNER CIRCLE
CCCCC YIN IS THE Y COORDINATE OF THE OUTER CIRCLE
CCCCC SUM IS THE SUM OF SUMI TO SUM 3, SHOULD BE CLOSE TO ZERO
CCCCC ERROR IS THE MAXIMUM ALLOWABLE ERROR FOR SUMMATION
CCCCC ID IS THE INNER DIAMETER ON FILM
CCCCC OD IS  THE OUTER DIAMETER ON FILM
program  c e n te r  
DIMENSION X(12),Y(12),C<3)
INTEGER H ,G ,I,K
REAL ID,IDXL,IDXR,IDYL, IDYR, INX, INY,INRAD
COMMON SUMX3, SUMY3, SUMX2, SUMY2 , SUMX1, SUMY1, SUMXY2, SUMYX2, SUMX
ERROR « 0.0005
CCCCCCCCCCCCCCCCC READ DATA FROM FILE
< 4 reads from d a ta  f i l e s
c 5 ie ad s  from sc reen
(' 6 w r i te s  to  screen
ENDFLAG * -1 .0
c COMPUTE THE INNER AND OUTER DIAMETERS
WRITE (6, M ’ENTER THE ID COORD I NATE S ON THE LEFT, ’ ,
♦ ' THE 00 COORD I NATES ON THE LEFT, AND THEN THE',
♦ 1 SAME ON THE RIGHT '
READ(5, *) IDXL, IDYL, ODXL, ODY L, IDXR, IDYR, ODXR, ODYR 
ID = IDXR-IOXL 
OD - ODXR-ODXL
DO WHILE ( ENPFLAC Nt 0 0 )
I - I 
X(l)=- 0 .0  
SUMX3* 0 .0  
SUMY3* 0 0  
SUMX2- 0 0 
SUMY 2** 0 .0  
U^MXj - 0 O 
SUMY I 0 .0
m $ m  Y2-^.os u . o
SUMX/* o o
Mwrx« o o
MRITK (6,*) 'ENTER COORDINAH Fop * NH R AMD OUTER CIRCLES’ ,
♦ f ALTERNATHLY. ENTER - 1 WHEN DONE WITH BOTH CIRCLES ’ ,
♦ ' THERE MUST BE AN OUTER CIRCLF COORDINATE',
+ ' FOR EVER INNER ONE. MAXIMUM OF SIX FAIRS.'
DO WHILE < X(I) .NE. -1 .0  )
READ(5,*)X(I),Y(I)
v
1=1 + 1 
REPEAT
75
CCCCCCCCCCCCCCCCC COMPUTE SUMS FOR 
DO K-l,1-1,2
FIRST CIRCLE
SUMX3-SUMX3 + 
SUMY3-SUMY3 + 
SUMX2-SUMX2 + 
SUMY2-SUMY2 + 
SUMX1-SUMX1 + 
SUMY 1-SUMY 1 + 
SUMXY2-SUMXY2 
SUMYX2-SUMYX2 
SUMXY-SUMXY + 
SUMYX-SUMXY 
END DO
CCCCCCCCCCCCCCCCCCCCC 
C(l)-0.0 
C(2)-0.0 
C (3 )- ID /2 .0
X(K)**3 
Y(K)**3 
X(K)**2 
Y(K)**2 
X (K)
Y(K)
+ X (K) *Y (K) * + 2 
+ Y(K) *X(K) * * 2  
X (K) *Y(K)
INITIAL GUESES
CCCCCCCCCCCCCCCCCCCCC ITERATE FOR LOW SUM VALUE 
DO H-l,3
CALL CALCSUM (C, SUM, SUM!, SUM2, SUM3)
BOTC-C(H)
BSUM-SUM 
C(H)-C (H)+0.05
CALL CAI£SUM (C, SUM, SUM1, SUM2, SUM3)
TOPC-C(H)
TSUM-SUM 
DO G-1,10
C (H) - (BOTC+TOPC) /2.0
CALL CALCSUM (C, SUM, SUMI, SUM2, SUM3)
IF(TSUM .LT. BSUM) THEN 
BOTC-C(H)
ELSE
TOPC-C(H)
END IF 
END DO 
END DO 
INRAD-C(3)
INX-C(l)
INY«C (2)
IF (SUM .GT. ERROR)THEM
WRITE(6,*) 'ERROR IS TOO HIGH!'
PAUSE 
END IP
WRITE(6# *) 'THE OUTER CIRCLE HAD A RADIUS OF INRAD, ' INCHES. * 
WRITE (6, *) *THE CENTER COORDINATES ARE:'
WRITE (6,*) * (MMX, \ ',IWY, ') '
WRITE(6, *) 'SUMI-',SUMI 
WRITE(€,*)'SUM2-',SUM2 
WRITE(6,*)'SUM3-',SUM3 
WRITE(6,*)
CCCCCCCCCCCCCCCCCCCCC 
SUMX3- 0.0
COMPUTE SUMS FOR SECOND CIRCLE
SUMY3” 0.0 
SUMX2- 0.0 
SUMY2- 0.0 
SUMX1- 0.0 
SUMY1- 0.0 
SUMXY2-0.0 
SUMYX2-0.0 
SUMXY- 0.0 
SUMYX- 0.0 
DO K-2,I,2SUMX3-SUMX3 + X(K)**3 
SUMY3-SUMY3 + Y(K)**3 
SUMX2-SUMX2 + X(K)**2 
SUMY2-SUMY2 4- Y(K)**2 
SUMX1-SUHX1 + X(K)
SUMY 1 "SUMY 1 + Y(K)
SUMXY2-SUMXY2 + X<K)*Y(K)**2 
SUMYX2-SUMYX2 + Y(K) *X(K) **2 
SUMXY “SUMXY + X(K)»Y(K)
SUMYX-SUMXY 
END DO
CCCCCCCCCCCCCCCCCCO INITIAL GUESES
C(l)-0.0 
C (2)“0.0 
C (3)“OD/2.0
CCCCCCCCCCCCCCCCCCCCC ITERATE FOR LOW SUM VALUE 
DO H-1,3CALL CALCSUM<C,SUM,SUM1,SUM2,SUM3)
BOTC-C(H)
BSUM-SUM 
C (H) -C (H) +0.05CALL CALCSUM(C,SUM,SUM1,SUM2,SU'.«!3)
TOPC-C (H)
TSUM-SUM 
DO G“It 50
c (H) - (botc+t o p o  n . 0
CALL CALCSUM(C,SUM,SUM1.SUM2,SUM3) 
ir<TSUM .LT. BSUM) THEN 
BOTC-C(H)
ELSE
TOPC-v(H)
END IF 
END DO 
END DO 
OUTRAD-C (3)
OUTX-C(l)
OUTY-C (2)
WRITE(6,*)'THE OUTER CIRCLE HAD A RADIUS OF ' ,OUTRAD,’INCHES.
WRITE(6,*)’THE CENTER COORDINATES ARE: '
WRITE (6, *)' (',OUTX, ',' ,OUTY, ') •
WRITE<6,*)'SUM1-',SUM1 
WRITE(6,*)'SUM2-',SUM2 
WRITE(6,*)'SUM3“', SUM3
WRITE( 6 ,* ) 'ENTER 0 TO QUIT.*
READ (5, * ) ENDFLAG
REPEAT
7 7
PAUSE
STOP
END
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
SUBROUTINE CALCSUM< C,SUM, SUM1,  SUM2, SUH3 )
C CALCSUM COMPUTES THE VALUES OF THREE SUMS IN A MATRIX THAT IS
C DERIVED FROM A LINEAR LEAST SQUARES TECNIQUE. 
CCCCCCCCCCCCCCCCCCCCCCC COMPUTE THE SUMS CCCCCCCCCCCCCCCCCCCCCCCCCC
DIMENSION C (3)
REAL A,B,D
COMMON SUMX3, SUMY3, SUMX2, SUMY2, SUMX1, SUMY I , SUMXY 2 r SUMYX2, SUMX
A«SUMX3-3. 0*SUMX2*C (1) + 3 .0*SUMX1*C (1)**2-4 .0*C (1) **3+SUMXY2 
B =-2. 0*SUMXY*C (2) +SUMX1*C (2) **2-SUMY2*C (1)
D*2.0*SUMY1*C (1)*C(2)-4.0*C(1)*C(2) **2-C(3) *SUMX1+4.0*C(3) *C < 
SUMl-A+B+D
A*SUMY3-3. 0*SUMY2*C (2) + 3 .0*SUMYI*C (2) * * 2 -4 .0*C (2) **3 
B*sSUMYX2-2. 0*SUMXY*C (1) +SUMY1 *C (1) * * 2-SUMX2 *C (2) 
D~2.0*SUMX1*C(1)*C<2)-4.0*C(2)*CU) **2-C<3) ♦ SUMY1 ♦ 4 .0*C (3) *C (
SUM2-A+B+D
A*SUMX2-2. 0*SUMX1*C (1) 4-4.0*C (1) **2+SUMY2-2. 0*SUMY1*C (2) 
B «4.0*C (2)* * 2 -4 .0*C(3)
SUM3-A+B
SUM-ABS(SUM1)+ABS (SUM2)+ABS(SUM3)
RETURN
END
End Notes
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